Abstract-The dynamics of filamentations in broad-area semiconductor lasers with short optical feedback were numerically studied. Regular pulse packages similar to those observed in narrow-stripe edge-emitting semiconductor lasers were found as the feedback reflectivity is increased. However, the regular pulse packages consisted of a periodic envelope of the external cavity frequency and fine pulse trains of periodic filaments, which is different from the regular pulse packages observed in narrow-stripe edge-emitting semiconductor lasers. From the analysis for spatio-temporal near-field patterns, we found periodic undulations of the spatial and temporal filament sizes as the external mirror reflectivity was changed. We also investigated filtered optical feedback, where a part of the emitted beam is fed back into the laser cavity. The time-averaged near-field pattern was found to have a strong dependence on the feedback level in the case of spatial filtered optical feedback.
I. INTRODUCTION

H
IGH power semiconductor lasers are promising coherent light sources for industrial applications, since they have a higher electrical-to-optical power conversion efficiency than other lasers. One such laser is the broad-area semiconductor laser, which has a similar structure to conventional edge-emitting lasers except that the emitting region has a broad stripe that is up to several hundred microns wide. In such structures, the effects of carrier diffusion and light diffraction in the active region play a critical role in the dynamics. Broad-area semiconductor lasers are unstable light sources due to the spatial dependence of the laser oscillations along the stripe width [1] , [2] . While they are capable of emitting at high optical powers, they have rather poor beam quality due to instabilities caused by the microscopic dynamics [3] - [9] . Until recently, most research has focused on how to increase the output power of these lasers and little attention has been given to the dynamics, which are responsible for the deterioration of the beam quality. T. Tachikawa was with the Faculty of Engineering, Shizuoka University, Shizuoka, Japan, and is now with Aishin Seiki Co. Ltd., Aichi, 448-8650 Japan (e-mail: f0730311@ipc.shizuoka.ac.jp).
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Digital Object Identifier 10.1109/JQE. 2009.2031122 One instability that occurs in the dynamics of broad-area semiconductor lasers is filamentation [3] - [9] . The spatial positions of carrier hole-burning fluctuate with time in the laser cavity and this gives rise to irregular local pulsating oscillations with periods of the order of picoseconds. Since the spatial size of these bright spots is of the order of several microns, broad-area semiconductor lasers exhibit rapid spatio-temporal fluctuations. The presence of filamentations greatly deteriorates the beam quality of the laser, including the time-averaged beam profile and laser coherence. In spite of several investigations, the origin of dynamic filamentations in broad-area semiconductor lasers is not currently fully understood. Also, few studies have been conducted on methods of controlling and stabilizing the filamentations in such lasers. In particular, the relationship between dynamic filamentation and the static beam profile is very important from the viewpoint of applications.
It is widely known that the dynamics of semiconductor lasers are strongly affected by optical feedback, and this is frequently used for beam control. Indeed, the dynamics of broad-area semiconductor lasers subjected to optical feedback have been studied and improvement of the beam quality, including the suppression of dynamic filamentation, has been proposed based on the optical feedback method [10] - [16] . Mandre et al. also investigated a method of control of the spatio-temporal emission by spatially filtered feedback and established the usefulness of this technique [17] . Optical feedback is not the only technique for controlling the spatio-temporal dynamics. The dynamics of broadarea semiconductor lasers are strongly affected by optical injection and it is frequently used to suppress filamentations [18] , [19] . In spite of such efforts, quantitative discussions of the dynamics and control of broad-area semiconductor lasers with optical feedback are still required.
In this paper, we consider the dynamics and control of spatio-temporal filaments in broad-area semiconductor lasers subjected to optical feedback in the short external cavity regime. The dynamics of narrow-stripe edge-emitting semiconductor lasers with short external cavities have been studied and some interesting features of the oscillations of regular pulse packages have been demonstrated [20] . The dynamic filaments in a short optical feedback regime are strongly dependent on the feedback length from an external mirror and also on the feedback reflectivity. Variations in feedback length and strength give rise to drastic changes in the spatio-temporal extent of filaments. As result, a dramatic reduction in the excitation of higher spatial modes is found for certain ranges of feedback strength, and the number of excited spatial modes in the averaged near-field pattern is reduced. In this study, we will also investigate the spatio-temporal size of filaments and the time-averaged near-field pattern for filtered optical feedback. 
II. THEORY
Here, we present a theoretical model for optical feedback in a broad-area semiconductor laser. Since such a laser has a broad light emitting area along the stripe width, the effects of optical diffraction play important roles in the dynamics. Considering the spatial dependence along the stripe width, the complex laser field ( is the coordinate along the stripe width) is given by [1] (1) where is the diffraction coefficient given by ( , , and being the speed of light in vacuum, the wavenumber, and the refractive index in the medium), is the linewidth enhancement factor, is the gain, is the carrier threshold, and is a noise term induced by spontaneous emission [21] . The third term in (1) is the effect of optical feedback, in which is the feedback parameter and ( is the internal cavity length) is the round trip time of light inside the laser cavity. The feedback parameter is defined by [13] ( 2) where is the reflection coefficient of the front facet of the laser cavity and is the reflection coefficient of the external mirror.
( is the distance of the external mirror from the front facet of the laser) is the round-trip time of light in the external cavity and is the angular frequency of the laser oscillation. Since we assume a short cavity, is shorter than the time corresponding to the relaxation oscillation frequency so that the feedback time should be less than 100 ps for ordinary broadarea semiconductor lasers. The spontaneous emission term is included in the rate equation, since actual laser oscillations contain noise effects. However, it has little effect on the essential laser dynamics so long as the noise induced by spontaneous emission is small. We employ this term in order to avoid division-by-zero problems, which are sometimes encountered in numerical simulations. Thus, the effect of the noise term on the dynamics is negligible in the present numerical simulations.
The rate equation is almost the same as that of a narrowstripe edge-emitting laser except for the first term on the righthand side of the equation. This term accounts for the diffraction effects of light in the laser cavity. Actually, the filamentation process depends sensitively on the -parameter and this parameter is also affected by the dynamic filamentations. However we assume a constant -parameter, since good agreement was previously found between theory and experimental results using a constant value of [5] .
Though a broad-area semiconductor laser usually oscillates at multi-longitudinal modes, treatment of a single mode such as that given here yields excellent agreement between theory and experiments, including filamentation phenomena [5] . We assume a single reflection in the external cavity in (1). In the strict sense, for the external reflectivity of more than several percent, we must take into account the effects of multiple reflections. However, the behavior of chaotic semiconductor lasers can be well represented under the assumption of a single optical feedback for the external reflectivity employed here [1] . In spite of the intense beam spots associated with filaments, Kerr nonlinearities are not usually required to describe the dynamics. Instead, we may sometimes consider a gain saturation effect for intense filaments [10] . However, the model in (1) well represents the dynamics of real broad-area semiconductor lasers.
The carrier density is also dependent on the coordinate along the stripe width and is given by (3) The first term of the right-hand side of the equation represents the carrier diffusion effect and the diffusion coefficient is given by ( is the diffusion length). Here, is the injection current, is the elemental charge, is the thickness of the active layer, is the carrier relaxation time, and is the carrier density at transparency. Due to the presence of the diffraction coefficient in the field equation and the diffusion coefficient in the carrier density equation, the laser shows a rich variety of dynamics at a microscopic scale.
We employ a simple difference method to numerically solve the rate equations. Since the equations deal with dimensions corresponding to the optical wavelength, the calculations must be carried out for time steps of much less than a femtosecond. The spatial and temporal steps for the numerical calculations are chosen to be much smaller than the optical wavelength and the optical oscillation frequency, which satisfies the von Neumann stability conditions [22] . In the simulations, we assume a stripe width for the active layer of m m m . The other parameters for the numerical calculations are as follows; , , ,
, optical wavelength of , , back facet reflectivity of the laser cavity , and the bias injection current ( is the threshold current). The feedback coefficient and the external cavity length are variable parameters.
III. NUMERICAL RESULTS
A. Filaments in Solitary Lasers
Before showing the results of the dynamics for short optical feedback in broad-area semiconductor lasers, we analyze the properties of the solitary laser used in the numerical simulations. Fig. 1 shows an example of the spatio-temporal dynamics for a bias injection current of . Fig. 1(a) is an example of the spatio-temporal patterns for dynamic filamentations. The horizontal axis is the coordinate at the exit facet of the laser. Bright spots propagate irregularly in a zigzag manner as time progresses. From a detailed correlation analysis of the spatiotemporal patterns in Fig. 1 (b) (see also Fig. 6 ), the spatial size, which is defined as the full-width at half-maximum of the correlation, is calculated to be 5.32 m and the temporal size 16.0 ps. The behavior of filaments and the order of filament sizes agree well with the results of the previous experiments [5] .
It is noted that bright spots frequently appear at both edges of the stripe. This agrees well with experimental results for an index-guided laser rather than a gain-guided laser [23] . Since the carrier distribution and the refractive index profile across the stripe width dynamically vary with bias injection current, it may not be easy to formulate the laser rate equation for a particular guiding model. However, the intensity profile of the twin-peaked pattern in the present simulation, which is usually observed for an index-guiding laser structure, can be explained as follows. The refractive index of a broad-area semiconductor laser is initially designed to be constant. However, during carrier injection, its value in the center of the active region decreases relative to the edge regions due to plasma effects. As a result, photons tend to be confined along both edges of the stripe. The antiguiding parameter and the carrier diffusion coefficient also contribute to these dynamics. Fig. 1(c) , which is the time-averaged near-field pattern at the exit facet of the laser, clearly shows this effect. We can also see small peaks in the time-averaged intensity distribution, which correspond to excited spatial modes. The excitation of a number of higher spatial modes in broad-area semiconductor lasers by varying the bias injection current has been explained by the superposition of Hermite-Gaussian polynomials based on a steady-state model [23] . Though we did not perform a modal decomposition, closer inspection of the beam distribution makes it possible to count the number of spatial modes. From Fig. 1(c) , the number of modes is determined to be 7, which is quite consistent with previous theoretical and experimental results [23] .
To investigate the irregular features of filament oscillations at the solitary mode, the intensity at the center of the stripe (i.e., m) is extracted and displayed in Fig. 2(a) . Fig. 2 (b) shows the corresponding RF spectrum. Although the spectrum is somewhat noisy, the relaxation oscillation frequency of the solitary laser can be determined to be 2.2 GHz. The peak observed at 62 GHz is considered to correspond to dynamic filaments. The relaxation oscillation frequency of 2.2 GHz determined from Fig. 2(b) is consistent with the value estimated from the numerical model. In addition, the frequency of 62 GHz is consistent with the value calculated from the spatio-temporal correlation shown in Fig. 1(b) . The other spectral peaks which appear in the spectrum may be the result of beats between the two components. However, since the factors determining the filament frequency and other characteristic frequencies are not well understood, a more detailed analysis of the spectral components is required.
B. Results for Short Optical Feedback
Next we consider the dynamics in broad-area semiconductor lasers with short optical feedback. We assume that the emitted light from a broad-area laser is collimated and is reflected by an external mirror, which is located at less than several centimeters away from the front facet of the laser. Thus, the emitted beam is returned to exactly the same position in the active region with a one-to-one correspondence. We show typical examples of the results for external mirror distances of 1.5 and 3.0 cm. Since the relaxation oscillation frequency of the solitary laser is about 2 GHz, which is equivalent to a mirror position of 15 cm, the selected mirror distances are small enough to be considered as short optical feedback. Although in the numerical simulations, we can arbitrarily choose the mirror position, realistic configurations must be selected for the experimental setup. For a short external cavity length of 1.5 cm, although it is difficult to use ordinary free space optical elements, miniature optics and/or fiber optical components can be employed. Fig. 3 shows the results for filamentations at a feedback reflectivity of . Fig. 3(a) represents the spatio-temporal near-field pattern of filamentations. Compared with the solitary filaments in Fig. 1(a) , the pattern has a periodic structure. Fig. 3(b) is a time series with a small window at the center of the near-field at m in Fig. 3(a) . In the spectrum of Fig. 3(c) , which is calculated from Fig. 3(b) , the lowest frequency peak can be observed at 2.2 GHz, which corresponds to a loose envelope of pulse trains and is equal to the relaxation oscillation frequency. Within this envelope, roughly periodic pulses appear with spacings of around 10 GHz, which corresponds to the round trip time of light in the external cavity. Between these pulses, fine oscillations corresponding to the frequency of the dynamic filaments can be seen. The peak around 50 GHz in Fig. 3 (c) reveals this frequency. For the optical feedback at 3.0 cm, the near-field pattern shows irregular filamentations and periodic structures are not distinct, although some degree of periodicity can be recognized in Fig. 3(d) . Fig. 3(e) is also a time series with a small window at the center of the near-field pattern for Fig. 3(d) . In the corresponding spectrum in Fig. 3(f) , the lowest frequency component of 3.7 GHz is an envelope of a rather slow periodic oscillation, which is also visible from the spatio-temporal pattern in Fig. 3(d) . The spectral peak of 45 GHz is almost equal in size to the dynamic filaments for this feedback condition. In this case, a spectral peak corresponding to the external cavity length, i.e., 5 GHz, can not be clearly distinguished. Fig. 4 shows the results for the external reflectivity at . For the short cavity of 1.5 cm, a periodic regular pulsation state is observed as shown in Fig. 4(a) and (b) . Fig. 4(b) is again a time series with a small window at the center of the near-field pattern. The package has an envelope of 10 GHz, which is equal to the time for optical feedback. Each package contains four regular pulses. The spectral peak at 40 GHz in Fig. 4 (c) corresponds to this pulse frequency. In contrast, the periodic structures for an external cavity length of 3.0 cm are not distinct, as shown in Fig. 4(d) . However some degree of periodicity is still observable. The spectrum in Fig. 4(f) , calculated from the time series of Fig. 4(e) , includes the fundamental spectral peak at 5 GHz and its higher harmonics. This peak is equal to the external delay of the optical feedback.
In conclusion, the periodic structure of filaments is enhanced by an increase of the feedback reflectivity, and a definite pulse package and a regular pulsation state are observed for a shorter optical feedback length. Similarly, regular pulse packages have been observed for narrow-stripe edge-emitting semiconductor lasers in short optical feedback regimes [20] . However, the pulse packages observed in broad-area semiconductor lasers are somewhat different from those for narrow-stripe edge-emitting semiconductor lasers. In the latter case, the pulse package has an envelope of a periodic frequency originated from low-frequency fluctuations of chaotic oscillations. In this case, the frequency of the pulse train inside the envelope is equal to the external feedback frequency [20] . Similar dynamics have been observed in vertical-cavity surface-emitting lasers (VCSELs) [24] . On the other hand, as discussed above, in the case of broad-area semiconductor lasers, the envelope corresponds to the external optical feedback frequency and the pulse train inside the envelope occurs at the frequency of the dynamic filaments.
Time-averaged near-field intensity profiles are next investigated as a function of external mirror reflectivity. Fig. 5 shows the results for two different external cavity lengths of and 3.0 cm. We used a time window of 30 ns to obtain the averaged intensities. The near-field pattern is seen to be strongly dependent of the mirror reflectivity. As a general trend, the intensity of the peaks at both edges is reduced as the reflectivity increases. Comparing Fig. 5(a) and (b) , it can be seen that the near-field pattern of the shorter external cavity strongly changes as the reflectivity increases. The number of peaks in the time-averaged intensity profile initially increases with increasing reflectivity, but the lower spatial modes are strongly excited as shown in the plot of the profile at . In this state, the spatial and temporal extent of the filaments are greatly increased, as shown in Fig. 6 . For further increase of the reflectivity, the laser recovers the number of spatial modes. On the other hand, for the case of cm, the number of modes is only slightly dependent on the external reflectivity, and the intensity profile also changes in accordance with the number of modes, as shown in Fig. 5(b) . However, the changes which occur in the intensity profile are rather moderate in comparison with Fig. 5(a) . In the case of the shorter external cavity, the dramatic changes in the number of modes and the intensity profile may reflect an interaction between the original filament frequency and the frequency corresponding to the external optical feedback. Since these frequencies are closer together for the shorter cavity, the interference between them may be enhanced. From the spatio-temporal correlations of the near-field filament patterns, we calculated the typical spatial and temporal sizes as a function of the external mirror reflectivity. Fig. 6(a) and (b) show the case for cm, and Fig. 6 (c) and (d) for cm. Both spatial and temporal filament sizes are strongly dependent on the external mirror reflectivity and a remarkable periodic structure is observed for the temporal size of the filaments. The spatial size of the filaments also has a periodic behavior which is synchronized with the period of the temporal size, though the magnitude of the variations is small. The periodic spatial variations seen in Fig. 6(a) and (c) are consistent with the results shown in Fig. 5 . In the region around in Fig. 6(a) , where the spatial size is large, the lower spatial modes are strongly excited, as seen in Fig. 5(a) , and the higher spatial modes are strongly suppressed. In the case of cm, a clear periodic structure exists in the spatial size curve shown in Fig. 6(c) , but the amplitude of the variation is small in accordance with the results shown in Fig. 5(b) . Although the temporal sizes of the filaments exhibit the strong periodic variations shown in Fig. 6(b) and (d) , this is completely averaged out in the static intensity profiles and little information on the temporal behavior of filaments can be obtained from the time-averaged near-field pattern. One possible reason for the strong temporal variations is the interference between the internal field and the external optical feedback in the filaments. However, further study is required to fully clarify this phenomenon.
C. Filtered Optical Feedback
In this subsection, we report the results for spatially filtered optical feedback. Since the number of excited higher spatial modes is dependent on the feedback intensity, optical feedback from an external reflector with a finite aperture size, i.e., optical feedback with lower order spatial modes, may control the excitation of higher spatial modes. Here we employ an external mirror whose size, , at the active layer is smaller than the stripe width . We tested several sizes of in combination with various optical feedback lengths. However, here we present the results of a typical case, in which we obtained characteristic features of the dynamics. The following discussion concerns with the case where m and cm. The external mirror is symmetrically positioned at the center of the emitted beam. Fig. 7 shows the results for two mirror reflectivities of (left column) and (right column). In the former case, no clear periodic structure is seen in the near-field pattern and the pattern shows irregular filamentations. The situation becomes clearer from the sampled time series at m and its corresponding spectrum, shown in Fig. 7(b) and (c) , respectively. In the spectrum, the peak at 10 GHz corresponds to the external feedback time and peaks due to its higher harmonics are also visible. The lowest frequency peak at 2.2 GHz corresponds to the relaxation oscillation frequency of the laser. The spectrum indicates a chaotic oscillation of the laser output. On the other hand, the periodicity is enhanced for , as shown in the right side of the figure. At the same time, the spatial and temporal sizes of the filaments have increased compared with the result for . The regular pulsations can be clearly distinguished in the time series and its corresponding spectrum, shown in Fig. 7 (e) and (f), respectively. In the spectrum, the peak at 10 GHz corresponds to the external feedback loop and the peak at 2.2 GHz corresponds to the relaxation oscillation frequency. Higher spectral components are strongly suppressed at this reflectivity, as seen in Fig. 7(f) . In fact, the periodicity is considerably enhanced within the range of optical feedback between 0.0275 and 0.0375. Outside this range, the periodicity of the filaments is not clear. Additional spectra from those regions exhibit irregular frequency components of the laser oscillations. Fig. 8 shows the time-averaged near-field pattern for the filtered optical feedback as a function of the external mirror reflectivity under the conditions of m and cm. As in the case of the full width optical feedback shown in Fig. 5 , the intensity peaks at the edges are initially suppressed as the external feedback reflectivity increases. The plot for is the intensity profile just before the reduction of the number of spatial modes. At this reflectivity, the beam still contains higher spatial modes similar to that of the solitary oscillation. Within the range of reflectivity between 0.0275 and 0.0375, the higher spatial modes are considerably reduced. The time-averaged pattern at is a typical example of such beam profiles, in which only three intensity peaks are visible (the original pattern at has seven peaks). Under these conditions, the higher spatial modes are strongly suppressed and the peaks at the edges are not observable. However, with further increase of the external reflectivity (above ), the beam recovers the higher spatial components and, at the same time, the side intensity peaks gradually grow up. These phenomena may be interpreted as a coupling and interplay of the light intensity and the carriers. Namely, for a moderate reflectivity of optical feedback, the feedback light efficiently supplies its power to carriers at the center of the active region and the laser intensity at this area increases. As a result, the lower modes are preferentially excited. On the other hand, for strong optical feedback reflectivity, depletion of carriers through carrier hole-burning may occur and the intensity at the central area is suppressed, leading to a relative enhancement of the side peak intensities. As will be shown below, changes in the number of excited spatial modes are closely linked to the filament sizes both in space and time. Fig. 9 shows the results for filament sizes for the filtered optical feedback. In this case, no periodic dependence on external mirror reflectivity can be observed. Instead, the filament sizes are greatly increased for a certain range of external mirror reflectivities, and are almost constant outside of this range. From  Fig. 9 , this range is found to be almost the same for both the spatial and temporal data. This range also appears to correspond to the region shown in Fig. 8 where little excitation of higher spatial modes occurs. Within this region, the periodicity of the laser oscillations is also enhanced, as observed in Fig. 7 . Thus, from the viewpoint of beam control, filtered optical feedback may provide a suitable means for beam shaping in broad-area semiconductor lasers, although it is limited to an optimum range of optical feedback reflectivity.
IV. CONCLUSION
We have investigated the dynamics of broad-area semiconductor lasers subjected to short optical feedback. Periodic oscillations of dynamic filaments similar to regular pulse packages observed for narrow-stripe edge-emitting semiconductor lasers have been obtained under appropriate feedback strengths. Similar periodic pulse packages have also been observed in VCSELs. However, the origin of the pulse packages in broad-area semiconductor lasers was found to be quite different from those in conventional edge-emitting lasers and VCSELs. Time-averaged near-field patterns have been evaluated in accordance with the filament dynamics. The excited lateral modes were found to be strongly dependent on the feedback strength and only a few lower spatial modes were excited for certain values of feedback strength. The spatio-temporal sizes of filaments showed a dependence on the feedback strength, and periodic changes of the filament sizes both in space and time was observed as a function of feedback strength.
We also investigated the dynamics for spatially filtered optical feedback regimes. By appropriate choice of filter width, the higher spatial modes were efficiently reduced and the peaks at the edges of the near-field intensity, which are typically observed for solitary oscillation, were considerably suppressed. At the same time, the spatial and temporal sizes of filaments became as much as four times larger than for the case of solitary oscillations. Thus, the sizes of dynamic filaments in broad-area semiconductor lasers can be controlled by short optical feedback. One potential application of this technique is the control and stabilization of filaments. Not only can the suppression or reduction of filament effects be expected, but also the shaping of the time-averaged laser beam. Another possibility is the application of fast pulse packages and pulsation oscillations for THz light sources. The temporal size of dynamic filaments is controllable by optical feedback and external optical injection. Therefore, periodic pulsating oscillations as short as picoseconds can be obtained by such techniques [19] . Since broad-area semiconductor lasers have relatively intense beams, it is possible to obtain rather large RF electromagnetic power levels, even if the excitation percentage is very small. Prof. Ohtsubo is a Fellow of the Optical Society of America and a member of IEEE, SPIE, AIP, the Japanese Society of Applied Physics, the Optical Society of Japan, and the Laser Society of Japan.
